The canonical model for netrin1 function proposed that it acted as a long-range chemotropic axon guidance cue. In the developing spinal cord, floor-plate (FP)-derived netrin1 was thought to act as a diffusible attractant to draw commissural axons to the ventral midline. However, our recent studies have shown that netrin1 is dispensable in the FP for axon guidance. We have rather found that netrin1 acts locally: netrin1 is produced by neural progenitor cells (NPCs) in the ventricular zone (VZ), and deposited on the pial surface as a haptotactic adhesive substrate that guides Dcc + axon growth. Here, we further demonstrate that this netrin1 pial-substrate has an early role orienting pioneering spinal axons, directing them to extend ventrally. However, as development proceeds, commissural axons choose to grow around a boundary of netrin1 expressing cells in VZ, instead of continuing to extend alongside the netrin1 pial-substrate in the ventral spinal cord. This observation suggests netrin1 may supply a more complex activity than pure adhesion, with netrin1-expressing cells also supplying a growth boundary for axons. Supporting this possibility, we have observed that additional domains of netrin1 expression arise adjacent to the dorsal root entry zone (DREZ) in E12.5 mice that are also required to sculpt axonal growth. Together, our studies suggest that netrin1 provides "hederal" boundaries: a local growth substrate that promotes axon extension, while also preventing local innervation of netrin1-expressing domains.
Introduction
Neural circuits are formed during development when axons navigate along defined pathways towards their synaptic targets. Axons use both spatial (Butler and Tear, 2007) and temporal (Phan et al., 2010) guidance signals to orient their trajectories. These cues have been classified as having short-range or long-range activities depending on the distance over which they elicit a response (Dickson, 2002; TessierLavigne and Goodman, 1996) . A number of putative long-range cues have been identified, including the netrins Serafini et al., 1994) , semaphorins (Kolodkin et al., 1993; Luo et al., 1993) , slits (Brose et al., 1999; Kidd et al., 1999) and morphogens, such as the bone morphogenetic proteins (Augsburger et al., 1999) and sonic hedgehog (Shh) (Charron et al., 2003) .
Long-range guidance cues have been the focus of studies in both developing and regenerating neural circuits, based on observations dating back over a century (De Carlos and Borrell, 2007) . Cajal first suggested that guidance cues act from intermediate targets, also known as "guidepost" cells, to steer axons in a stepwise manner as they grow toward their synaptic partners (Ramón y Cajal, 1995) . Guidepost cells were first identified in grasshoppers (Bentley and Caudy, 1983; Ho and Goodman, 1982) , and then in vertebrates (Placzek et al., 1990; TessierLavigne et al., 1988) , leading to the textbook model of chemotropic axon guidance whereby an intermediate target orients axons either towards or away from it by secreting a graded attractant or repellent (Tessier-Lavigne and Goodman, 1996) . In landmark studies, netrin1 was the first chemotropic guidance cue identified in developing vertebrates, and was proposed to act from the floor plate (FP) to guide spinal commissural axons towards the ventral midline (Evans and Bashaw, 2010; Kennedy et al., 1994; Serafini et al., 1996 Serafini et al., , 1994 ). Shortrange cues have also been identified; they include ephrin/Eph signaling (Kao et al., 2012) and factors in the extracellular matrix (ECM) (Barros et al., 2011) . Short-range cues have been generally thought to provide local permissive or non-permissive substrates for axon outgrowth, such as the ability of laminin to support the outgrowth of retinal ganglion axons in the optic tract (de Curtis and Reichardt, 1993) .
More recent studies have questioned the prevalence of long-range mechanisms in axon guidance. In particular, netrin1, which has homology with the laminin family, has now been shown to act over a shorter range than originally postulated. Membrane-bound netrin1 can rescue the loss of netrinA/B in the Drosophila nerve cord (Brankatschk and Dickson, 2006; Keleman and Dickson, 2001 ) and visual system (Timofeev et al., 2012) . Other studies have suggested a local, adhesive role for netrin, attaching growth cones to source cells in the developing medulla (Akin and Zipursky, 2016) . Moreover, our recent studies in the spinal cord , with those in the hindbrain (Dominici et al., 2017) , have revisited the role of FP-derived netrin1 in axon guidance. In the mouse spinal cord, both neural progenitor cells (NPCs) in the ventricular zone (VZ), and FP cells express netrin1 (Serafini et al., 1996) and netrin1 protein decorates both commissural axons and the pial (basal) margin of the spinal cord Varadarajan et al., 2017) . We used conditional genetic approaches in mouse to remove netrin1 expression from either the VZ or the FP. In the absence of netrin1, spinal axons aberrantly innervate the VZ and commissural axons either stall or are dramatically defasciculated. These phenotypes are only observed when netrin1 is ablated from the VZ, but not the FP in both the hindbrain and spinal cord (Dominici et al., 2017; Varadarajan et al., 2017) . Thus, the key source of the netrin1 that supplies guidance activities comes from NPCs in the VZ, rather than the FP, as previously suggested.
These studies further suggested that the bipolar geometry of NPCs permits them to establish a local netrin1 + substrate along the pial surface of the spinal cord (Dominici et al., 2017; Varadarajan et al., 2017) . This pial-netrin1 substrate promotes commissural axon outgrowth, directing their extension in a fasciculated, i.e. bundled, manner around the VZ and towards the ventral midline. Thus, netrin1 promotes directed axon growth not by long-range chemotaxis, but rather by haptotaxis, the directed growth of cells along an adhesive surface (Carter, 1965; Kennedy et al., 1994) . However, these studies were limited to a specific developmental time-window, when commissural axons are in the process of crossing the FP, leaving the extent to which netrin1 behaves as a haptotactic substrate unresolved. Here, we have examined the role of VZ-derived netrin1, first during early axogenesis at embryonic (E) stage 10.5, when the commissural axons are pioneering their trajectories towards the FP (Bovolenta and Dodd, 1990) . We show that netrin1 is required from the earliest stages to orient the trajectory of pioneering commissural axons to grow ventrally in a fasciculated manner around the VZ. Second, we assessed the role of netrin1 at E12.5, the stage by which commissural axons have crossed the FP, and the central branches of sensory axons are about to invade the spinal cord to form the dorsal funiculus (Watanabe et al., 2006) . We find that netrin1 continues to be required for commissural axon fasciculation while simultaneously specifying new boundaries for axon growth. Bilaterally symmetric domains expressing netrin1 arise adjacent to the dorsal root entry zone (DREZ) (Watanabe et al., 2006) . Here we show that these domains shape the trajectory of axons, by apparently directing axon extension around the edge of a boundary of netrin1 expressing cells. Together, these data suggest that netrin1 reiteratively shapes axonal trajectories at different time points during development by specifying "hederal" guidance boundaries that, like a wall supporting a growing hedera (ivy plant), promotes fasciculated growth along the substrate while preventing penetration of the substrate.
Materials and methods

Generation of mutant mice
Netrin1
lacZ/lacZ mice (Serafini et al., 1996) were bred into 129/Sv backgrounds and maintained as heterozygous mating pairs. This mouse was made using the pGT1.8M vector, which contains a signal sequence that results in the β-gal fusion protein being inserted into the membrane of the endoplasmic reticulum oriented such that the β-gal domain is present, and active in the cytosol (Skarnes et al., 1995) .
Embryos were collected from timed matings. The presence of a vaginal plug was considered embryonic day E0.5. Heads were used to isolate the mRNA and cDNA and were amplified by PCR to identify the genotypes of each embryo. All analyses were done using littermate controls. ImageJ was used to quantify the mean intensity of netrin1::βgal immunostaining. Pixel density was measured within a specified region of interest (ROI) and intensity quantifications were not normalized for area. Note that the tissue from different ages was not batch processed and was thus stained on different slides. Therefore, mean intensity plotted depicts the relative decrease along the dorsalventral axis at each given age, and does not serve to compare absolute values between ages for a given zone. Hence we have not included a statistical analysis. All animal procedures were carried out in accordance with University of California Los Angeles IACUC guidelines.
Tissue processing
Spinal cords were fixed using 4% paraformaldehyde for 2 h at 4°C. After fixation, the tissue was cryoprotected in a 30% sucrose solution overnight, following which the tissue was mounted in optimal cutting temperature (OCT) and cryosectioned at 30 µm. Sections were collected on slides and processed for immunohistochemistry or in situ hybridization as previously described .
Immunohistochemistry
The following primary antibodies were used overnight at 4°C ; Guinea Pig: Olig2 (Novitch et al., 2001) (1:20,000). Secondary antibodies were incubated for 2 h at RT. Netrin1 antibody signal was boosted using antigen retrieval methods as described previously . Note that many antibodies, including Tag1, do not survive the antigen retrieval process.
In situ hybridization
Netrin1 digoxigenin probes (Serafini et al., 1996) were used in in situ hybridization experiments on 12 µm thin sections, as described previously . NBT/BCIP and anti-DIG antibody conjugated to an alkaline phosphatase (Roche) were used to visualize the mRNA.
Results
Axons navigate circumferentially around the ventricular zone
The spinal cord is organized into layers from its earliest genesis: Sox2 + neuroepithelial progenitors within the VZ give rise to postmitotic neurons that migrate laterally to form the mantle layer and extend axons in the lateral marginal zone (Butler and Bronner, 2015) . Spinal axons can be broadly categorized by their protein complement: neurofilament + (NF) is generally present in spinal axons, with Robo3 additionally being present in the commissural axons projecting towards FP at the ventral midline (Sabatier et al., 2004) . The commissural axons that arise from the dorsal-most spinal neurons (dI1s) are also Tag1 + Fig. 1K-O) . Together, these observations suggest that the VZ represents a boundary for commissural axon growth from the earliest stages of axogenesis.
Netrin1 is expressed by NPCs in the spinal VZ during axogenesis
Our recent studies demonstrated a role for VZ-derived netrin1 directing the trajectories of spinal neural circuits . However, the extent to which netrin1 acts to establish and/or maintain spinal architecture during axogenesis remains unresolved. Here, we have assessed the distribution of both netrin1 transcript ( Fig. 2A , G, K) and netrin1 protein (Fig. 2D , J, N) from embryonic (E) stage 10.5 when axogenesis commences in the spinal cord, to E12.5, when spinal circuitry is being established. In these studies, we used a genetically encoded marker, β-galactosidase (β-gal) reporter line to provide a highly sensitive readout of the location of any cell expressing the netrin1 gene (netrin1::β-gal; Fig. 2C , I, M).
As described previously (Serafini et al., 1996) , netrin1::β-gal is expressed in two distinct regions in the E10.5 spinal cord; it is present at high levels in the FP and at lower levels in a domain in the intermediate VZ ( Fig. 2A, C) . Strikingly, this early bifurcation in the netrin1::β-gal expression pattern may be transiently regulated by motor NPCs in the ventral spinal cord, since netrin1::β-gal expression is markedly lower in the Olig2 + domain (Novitch et al., 2001) (Fig. 2E,   F ). Netrin1 protein also broadly decorates the ventral and intermediate spinal cord (Fig. 2D ) Varadarajan et al., 2017) . It is observed at low levels in the VZ preceding the onset of axogenesis, and is present on the pial surface at the circumference of spinal cord (blue chevrons, Fig. 2D ) as neurons start extending axons in the mantle layer ( Fig. 3E ). Neither netrin1 transcript or netrin1 protein is observed in the dorsal-most spinal cord (compare dotted lines, Fig. 2C , D). By E11.5, commissural axons are in the process of extending towards and across FP at the ventral midline (Altman and Bayer, 1984) (Fig. 4A, B) . Our recent studies showed that netrin1::β-gal is now present in a broad swathe throughout the VZ, from the FP to a boundary in the dorsal spinal cord at the same level as the dorsal root entry zone (DREZ, blue dotted region, Fig. 2I ). In contrast, netrin1 protein has a strikingly different distribution, present on both the pial surface (blue chevrons, Fig. 2J ) and on commissural axons (yellow chevrons, Fig., 2J) . Our previous studies resolved this discrepancy, suggesting that the netrin1 protein produced by NPCs in the VZ is deposited on the pial surface using their radial processes . However, these studies did not address how the pattern of netrin1 is maintained as development proceeds.
To assess this question, we examined the distribution of netrin1 transcript and netrin1 protein in E12.5 spinal cords. Netrin1::β-gal continues to be expressed in the VZ, up to the DREZ boundary (blue dotted region, Fig. 2M ). Quantification of the extent and intensity of netrin1::β-gal was measured in E10.5-E12.5 embryos within four spatially equivalent zones of the spinal cord (Fig. 2O ). This analysis suggested that the relative intensity (see Section 2) of β-gal staining in zones 1-4, i.e. high FP expression (zone 4), lower intermediate expression (zone 2/3) and no dorsal expression (zone 1), remains constant (Fig. 2P) . Thus, netrin1 expression appears to be stably maintained over time, i.e. this distribution pattern does not result from the perdurance of β-gal. This conclusion is supported by the absence of β-gal tracing into postmitotic spinal neurons. Additionally, as previously reported (Watanabe et al., 2006) , bilaterally symmetric domains of netrin1::β-gal expression appear immediately adjacent to DREZ (chevrons, Fig. 2K; dotted lines, Fig. 2M ). Netrin1 protein continues to decorate both the pial surface (blue chevrons, Fig. 2N ) and commissural axons (yellow chevrons, Fig. 2N ). However, netrin1 is now present on two commissural axon fascicles: a medial fascicle bordering the VZ, as well as a second more lateral fascicle that projects across the motor column. Together, these data show that netrin1 continues to be present on both the pial surface and commissural axons while axons are navigating their circumferential trajectories in the spinal cord.
Axons initiate ventrally directed growth adjacent to the pialnetrin1 substrate
Our analysis of the distribution of netrin1 transcript and netrin protein suggests that spinal axon growth initiates specifically in the regions where netrin1 is present on the pial surface of the spinal cord ( Fig. 3A-F) . Thus, neurons start to extend NF + axons 70% of the time at the netrin1::β-gal dorsal border (chevrons, Fig. 3B , D, U) on the pialnetrin1 substrate (Fig. 3E, F) . We assessed whether netrin1 was required to mediate early axogenesis by examining E10.5 netrin1 mutant embryos. This netrin1 allele stems from lacZ having been inserted into the netrin1 genomic locus (Serafini et al., 1996) , thereby generating a hypomorphic allele. However while there are trace amounts of netrin1 expression in the netrin1 lacZ/lacZ FP (chevrons, Fig. 2B , H, L) there is no detectable netrin1 transcript in the netrin1 lacZ/lacZ VZ at any stage or any detectable netrin1 protein (Poliak et al., 2015; Varadarajan et al., 2017) . Defects are observed from the earliest stages in axogenesis in E10.5 netrin1 mutant embryos (Fig. 3G-J) compared to control littermates (Fig. 3A-F) . NF + axon growth now initiates only~40% of the time on the netrin1::β-gal dorsal border in netrin1 lacZ/lacZ embryos (Fig. 3U ).
The orientation of axons is highly aberrant, with a significant increase in the number of NF + Robo3 + commissural axons growing into the dorsal-most spinal cord towards the RP (compare brackets, Fig. 3C, D,  I , J). Quantification demonstrated that NF + axons, i.e. spinal axons, project medially into all four zones of the spinal cord in mutants (Fig. 3P , Q, R, W, X), with up to a~3 fold increase in axons invading the VZ (chevrons, Fig. 3Q ) compared to controls (Fig. 3K-M) . NF + Robo3 + axons, i.e. the subset of NF + axons that are specifically commissural axons, also extend medially into the VZ in all zones of the spinal cord (Fig. 3P , S, W, X). These commissural axons constitutẽ 50% of the total misprojecting NF + axons (Fig. 3W ). For example, there is a~9-fold and~4-fold increase in the number of NF + Robo3
+ axons projecting into zone 1 (chevrons, Fig. 3R , S, X) and zone 2/3 (Fig. 3Q, X) respectively. These neurites appear to be actively extending axons, rather than trailing processes, because numerous Robo3 + growth cones can be observed at the tips of the medially projecting NF + axons (chevrons, Fig. 3V ). Both Robo3 + (Fig. 3S ) and Tag1 + ( Fig. 3T ) axon extension is reduced compared to control littermates (Fig. 3N, O) , either because growth is stalled (Serafini et al., 1996) , or because the initiation of growth is slowed. Taken together, these data suggest that netrin1 is required to anchor ventrally directed axon growth from the earliest stages of axogenesis.
Spinal axons continue to avoid netrin1-expressing domains as development proceeds
Our recent studies showed that in E11.5 spinal cords, Robo3 + and Tag1 + commissural axons project in a fasciculated manner around a continuous boundary of netrin1 expressing cells . Commissural axons grow around the netrin1::β-gal + VZ and then beneath the netrin1::β-gal + cells in the FP ( , see also dotted lines, Fig. 4A ). The extent of axon fasciculation and level of netrin1 may be correlated; axons are most tightly fasciculated as they pass beneath the concentrated domain of netrin1 in the FP (Fig. 4B ). The netrin1::β-gal + VZ boundary is maintained in E12.5 embryos, with NF + (Fig. 4C-F ), Robo3 + (Fig. 5K, O) , and Tag1 + (Fig. 4E, F ) axons continuing to project precisely around the VZ (Fig. 4D ) and under the FP (Fig. 4F) . Commissural axons continue to be at their most fasciculated as they project beneath the domain of netrin1::β-gal at the FP. There may be topographic organization to the axons crossing the FP: they are segregated into either Tag1 + (blue dotted lines, Similar to E11.5, netrin1 protein continues to decorate the pial surface ventral to the DREZ (blue dotted line, Fig. 2N , yellow chevrons Fig. 4J ). However by E12.5, NF + axons show multiple responses to this domain:
pre-crossing NF + axons in the dorsal spinal cord project immediately adjacent to the pial-netrin1 substrate (Fig. 4I, J) , while post-crossing NF + axons in the ventral spinal cord project within the pial-netrin1 substrate in the ventral funiculus (blue chevrons, Fig. 4I ). By E12.5, an additional domain of netrin1 expression has emerged adjacent to the DREZ (Fig. 2K, M) . This DREZ-netrin1 domain also appears to sculpt axon growth: first, it may subdivide Tag1 + Robo3 + netrin1 + commissural axons into two fascicles (Laumonnerie et al., 2015) . DREZ-netrin1 anchors the point where the fascicles emerge; the medial fascicle continues to grow around the VZ, while the lateral fascicle arises lateral to the DREZ-boundary (yellow chevrons, Fig. 2N , Fig. 5O ). Second, it appears to shape NF + trajectories. NF + axons start to avoid this region as soon as it appears at thoracic/lumbar levels ( Fig. 4G) . As development proceeds i.e. in cervical sections, the netrin1::β-gal + DREZ-domain expands and NF + axon trajectories in the transverse plane markedly curve to extend around it (Fig. 4H,  Fig. 5B ). The few axons observed in the DREZ-netrin1 domain appear to be extending longitudinally along the spinal cord (chevrons, Fig. 4K , Fig. 5D ). Notably, the domain of netrin1 expression in the DREZ domain appears to demarcate the boundary along which NF + axons grow, rather than the presence of netrin1 protein at the pial surface (dotted lines, Fig. 4K ).
Netrin1 provides additional boundaries for axon growth as development proceeds
Our observations suggest that netrin1 maintains axon fasciculation while also providing boundaries for axon growth. We further assessed this hypothesis by examining E12.5 netrin1 lacZ/lacZ embryos. By this stage, the Tag1 + Robo3 + netrin1 + commissural axons have resolved into medial and lateral fascicles in control littermates (chevrons, Fig. 2N , Fig. 5K , M, O). These bundles are highly defasciculated in E12.5 netrin1 mutants (Laumonnerie et al., 2015) , projecting randomly throughout the ventral spinal cord (chevrons, Fig. 5P , R, T). NF (Fig. 5V, W) , as seen in both E10.5 (Fig. 3X ) and E11.5 (Fig. 2O) , to assess the fold change in axon extension into the netrin1 lacZ/lacZ VZ along the dorsal-ventral axis. n as for (W). For the quantification, probability of similarity between control and mutant, *** p < 0.0005, Student's t-test. Scale bar: 130 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
( Fig. 5A-E) , NF + axons no longer respect this putative boundary in netrin1 mutants; rather they profusely extend across it (Fig. 5F -J, U). Taken together, this analysis supports the hypothesis that netrin1 is a major architect of spinal axon growth. Axon growth appears to be shaped by both the contours of the region producing netrin1 transcript and the presence of netrin1 protein at the pial surface and on axons.
Discussion
Netrin1 boundaries reiteratively direct the formation of spinal neural circuits
Netrin1 was identified in tour de force biochemical screens of soluble factors from chicken brain extracts that promote axon outgrowth Serafini et al., 1994) . Through these experiments, netrin1 became the canonical example of a diffusible chemoattractant, proposed to act from the FP to guide commissural axons towards the ventral midline. However, our recent studies have rather suggested that the NPCs are the key source of netrin1 that provide guidance cues in the spinal cord. We showed that NPCs establish netrin1 as a haptotactic surface at the pial surface of the spinal cord to direct axons towards the ventral midline . Similar results were found in the hindbrain (Dominici et al., 2017) .
Here, we provide further evidence of the importance of netrin1 specifying spinal neural circuitry. Our current studies demonstrate that netrin1 supplies a haptotactic surface from the beginning of axogenesis that directs fasciculated axon growth (Fig. 6A) . However, axons respond in additional, more complex ways to netrin1 as development progresses. Axons have to choose whether to extend alongside or within a netrin1 haptotactic surface and/or use netrin1-expressing cells as a boundary for growth (Fig. 6B, C) .
Netrin1 mediates the orientation of axogenesis
Netrin1 is present at the pial surface prior to the onset of axogenesis (Fig. 6A) , with a sharp boundary of netrin1 deposition in the dorsal spinal cord (Fig. 3E, F) . This netrin1-pial substrate is required to orient the first trajectories of pioneering axons. Neurons extend ventrally oriented fasciculated axons specifically on pial-netrin1, from the earliest stages of axogenesis (Fig. 3A, B) . In the absence of netrin1, neurons initiate NF + axon extension. However, this growth is randomized; defasciculated axons grow in all directions, including into the VZ. The NF + axon population includes a subset of Robo3 + commissural axons; these NF + Robo3 + axons are also defasciculated in netrin1 mutants. However Robo3 + Tag1 + commissural axons, i.e. the dorsalmost commissural axons , show an alternative phenotype: their growth is generally slowed or stalled (Serafini et al., 1996) . The initiation of Tag1 + axon growth appears to be the most compromised, perhaps explaining why Tag1 + axon growth is not as disordered as NF + Robo3 + axon growth. Thus from early axogenesis, spinal axons have distinct responses to the pial-netrin1 substrate: pialnetrin1 is an anchor that orients the directed growth of NF + and NF + Robo3 + axons, while also being a growth promoting substrate for Tag1 + Robo3 + axons.
Axons alter their responses to pial-netrin1 depending on location
As development proceeds, spinal axons appear to modulate their response to pial-netrin1. By E11.5, commissural axons have detached from the pial surface in the ventral spinal cord (light green, Fig. 6B ) to extend in an increasingly fasciculated manner around the VZ to the FP. After crossing the FP, commissural axons now grow within the pialnetrin1 substrate, to extend along ventral funiculus. This behavior is most pronounced in thoracic E12.5 sections, where pre-crossing NF + commissural axons grow immediately adjacent to dorsal pial-netrin1 (Fig. 4J ) while post-crossing NF + axons grow within the ventral pialnetrin1 (blue chevrons, Fig. 4I ). For technical reasons (see Section 2), it has been easiest to determine the trajectories of NF + axons in relationship to pial-netrin1.
However, the behavior of Robo3 + Tag1 + commissural axons is consistent with the model that all dorsal spinal axons grow adjacent to pial netrin1 (dark green, Fig. 6B ). Axons then modulate their response to netrin1 in the ventral spinal cord. Robo3 + Tag1 + commissural axons are first refractory to ventral pial-netrin1, as they first grow adjacent to the motor column, but are then putatively attracted to pial-netrin1 once on the contralateral side of the spinal cord. This changing response suggests further regulation exists to permit axons to decide how and when to respond appropriately to pial-netrin1. Candidate regulators include the previously identified factors that regulate commissural axon orientation, such as the BMPs (Butler and Dodd, 2003) , Shh (Charron et al., 2003) , Wnts (Lyuksyutova et al., 2003) and Eph/ephrins (Kadison et al., 2006) .
Axons grow around netrin1-expressing domains, or hederal boundaries
Our studies are also consistent with the model that netrin1-expressing domains have a key role shaping the trajectory of spinal axons. We have identified two examples of this phenomenon in the spinal cord. First, commissural axons grow around a boundary of netrin1-expressing cells in VZ from early axogenesis. Our previous studies used manipulations of the notch signaling pathway to make ectopic boundaries of netrin1 expression in the VZ. NF + axons deviated from their normal trajectories to follow the ectopic netrin1 (on): netrin1 (off) boundaries, with no obvious disruption in the distribution of pial-netrin1 . Second, we have observed that a subset of NF + axons extends precisely around a domain of netrin1 expression that emerges at E12.5 adjacent to DREZ (this study). Strikingly, there is no obvious correlation between the deposition of netrin1 protein and the pattern of axon growth in this region. Directed NF + axon growth around the DREZ-domain is lost in netrin1 mutants. These boundary activities appear to be a combination of a "go" signal -axons grow along the boundary of the netrin1 expressing S.G. Varadarajan, S.J. Butler Developmental Biology 430 (2017) 177-187 cells -and a "no go" activity -axons do not grow into netrin1-expressing regions. We propose to refer collectively to these activities as "hederal" guidance boundaries, taken from the analogy of a wall supporting the growth of ivy (genus: hedera). The wall provides a substrate for growth, but is not itself penetrated by the ivy. It remains unresolved how widely hederal boundaries act to establish neural circuits, however further putative examples have been observed in both the central and peripheral nervous systems (Burrill and Easter, 1994; Poliak et al., 2015) . The mechanism that mediates hederal boundaries remains unresolved. It is notable that the VZ and DREZ boundaries can affect the patterns of netrin1 + axon fasciculation. We previously showed that netrin1 accumulation in axons is dramatically reduced in Dcc -/- , suggesting that Dcc may play an important role specifying how axons interpret the hederal boundary. One possibility is that Dcc + commissural axons accumulate netrin1 when growing adjacent to the pial-netrin1 haptotactic surface. Netrin1 + Dcc + axons are then able to extend in directed, fasciculated manner around the VZ . Supporting this hypothesis, the occasional axons that grow into the VZ in control spinal cords are always netrin1 -(data not shown). Similarly the DREZ-domain may control the fasciculation pattern of netrin1 + Tag1 + Robo3 + commissural axons at later stages.
The appearance of the netrin1-DREZ domain coincides with these commissural axons splitting into two fascicles. However, the NF + axons that grow around the netrin1-DREZ domain do not obviously accumulate netrin1 protein (Fig. 4K) , suggesting that this response is mechanistically distinct. The NF + Robo3 + and Tag1 + Robo3 + populations of commissural axons also fasciculate in a distinct topological manner, as they extend towards and across the FP (Fig. 4F) , additionally suggesting that these populations have differential sensitivities to netrin1. In summary, our studies demonstrate that netrin1 has a reiterative role defining the spatial boundaries that guide spinal axon trajectories. Similar growth-boundaries are likely to direct to axon growth outside of the spinal cord. Motor axons notably grow alongside netrin1::βgal boundaries as they innervate the limb (Poliak et al., 2015) . Netrin1 has also been implicated in the neuronal responses after spinal cord injury (Manitt et al., 2006) ; a mechanistic understanding of its capacity to direct axon growth is critical if it is to be deployed correctly in therapeutic regenerative contexts. promotes axon extension while cells expressing netrin1 (red) in the VZ are refractory to axon growth. (B, C) As development progresses in E11.5 and E12.5 embryos, pre-crossing commissural axons grow adjacent to pial-netrin1 in the dorsal spinal cord (dark green) while avoiding pial-netrin1 in the ventral spinal cord (light green). After crossing the FP, commissural axons turn rostrally to extend in the pial-netrin1 in the ventral funiculus (light green). Concomitantly, netrin1 expressing cells (red) appear to provide guidance boundaries in the VZ and in a domain adjacent to the DREZ (C). These boundaries promote axon fasciculation while preventing innervation, such that axons grow along the edges of netrin1 expression. Together, these activities sculpt axonal trajectories within the spinal cord. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
